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ABSTRACT 
Factorial design has been used to study the effect of cutting parameters on acoustic emission signal 
response during the drilling of composite laminates. Experimental design is a strategy of planning, 
conducting, analyzing and interpreting experiments so that sound and valid conclusion can be 
drawn efficiently, and economically. In this study, effects of cutting speed, feed rate and tool diame-
ter on the acoustic emission signal response are investigated using acoustic emission’s energy, am-
plitude, root mean square and frequency responses and 23 factorial design for drilling operation. 
Cutting tests were performed under dry conditions. Calculated effects, standard errors at 95% confi-
dence level, and models governing the acoustic emission response to the cutting conditions have 
been generated from the acoustic emission signal responses. The results revealed that, acoustic en-
ergy response has significant effects due to the cutting parameters. Hence a model can be estab-
lished to relate the acoustic emission’s energy response and the cutting parameters, and as a result 
monitor and control the area of delamination during the drilling process. 
Keywords: Composite Laminates, Machining, Acoustic Emission. 
INTRODUCTION 
Products made of composite materials usually 
undergo some form of intermediate processing 
such as drilling for assembly purposes. These 
processes could affect the structural integrity of 
the final component. These may be attributed to 
the selection of the cutting parameters such as 
cutting speed and feed rate for the drilling of the 
composite laminate. Although the damage area 
may be predicted through an analysis of the 
acoustic signals, the control action to reduce de-
lamination is achieved through the cutting pa-
rameters.  Practical issues in the drilling of com-
posite materials include the proper selection of 
the material removal rate and the drill geometry 
to lower manufacturing cost and eliminate ma-
chining-induced defects. The main problems as-
sociated with the drilling of composite materials 
are delaminations in the panel, fiber pullout, and 
cracks, which lead to reduction of structural in-
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tegrity of the part (Hui, 1999). These flaws make 
machining-induced defects a suitable subject for 
further investigation. Damage mostly involves 
some formation of internal or surface cracks, 
voids, and delaminations. Damage in this work 
is defined as any change of state in the material, 
which alters the soundness of the structural in-
tegrity of the part. Considerable undetected ma-
terial damage due to drilling, such as delamina-
tions, could occur in composite materials before 
they are put into service. This may eventually 
lead to their shorter service life, the catastrophic 
failure of the product, and even the loss of hu-
man life (Ho-Cheng et al, 1990). Thus, investi-
gation of the structural integrity of the composite 
during drilling is the major objective of this pro-
ject. The drilling process is expected to affect 
the structural integrity of the part. 
Non-destructive evaluation is an interdiscipli-
nary field of study which is concerned with the 
development of analysis techniques and meas-
urement technologies for the quantitative charac-
terization of materials, tissues and structures by 
non-invasive means (Heyman, 1998). The com-
mon types of non-destructive evaluation tech-
niques used to probe interior microstructures and 
to characterize subsurface features are acoustic 
emission, ultrasonic, radiographic, electromag-
netic, optical scanning, electron microscopy, 
thermal imaging, liquid penetration inspection, 
magnetic particle and eddy current. 
Non-destructive evaluation methods have been 
used in applications ranging from non-invasive 
medical diagnosis to on-line manufacturing 
process control, flaw detection, and materials 
characterization. The acoustic emission (AE) 
technique with its inherent in-process monitor-
ing tool has several advantages over other non-
destructive evaluation techniques and may be-
come one of the most appropriate tools for proc-
ess monitoring. This research seeks to develop a 
technique to control inter-ply delaminations dur-
ing the drilling of laminated composites. A spe-
cific goal of this research is to study the effect of 
cutting parameter on the acoustic emission pa-




The material selected for the experiment was a 57 
ply, 0.006 inch thick carbon/epoxy composite 
panel made of Amoco T300 3K Uni-Carbon in 
warp with S-glass in the fill direction. This mate-
rial is referred to as “Amoco T300” in the rest of 
the work. A series of drilling operations were 
performed to study the effect of cutting parame-
ters on the delamination area. In this work, AE 
tests were performed during each drilling opera-
tion. The schematic of the experimental set-up for 
the measurement of the AE signal and the drilling 
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Figure 1: Schematic Showing Experimental Set-Up 
The threshold frequency for the acoustic signal 
was set at 35 MHz with a sample rate of 4MHz, 
which is greater than ten times the natural fre-
quency of the sensor used. This frequency was 
kept a good deal above the Nyquist range to avoid 
the aliasing problem. AE signal measurement 
parameters versus time plots were obtained for 
each drill test and the corresponding data were 
collected for subsequent analysis. An AE system 
consists of the sensor, cables, preamplifier, mi-
cro-processing and data storage systems. 
A 150 kHz sensor is coupled to the work piece 
with a fluid couplant (silicon grease) and is se-
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cured with tape. A preamplifier is placed close 
to the sensor to minimize electromagnetic inter-
ference. The preamplifier has a wide dynamic 
range and may drive the signal over a long 
length of cable so that the main instrumentation 
may be placed hundreds of meters from the test 
piece, if necessary. The preamplifier is inserted 
near the sensor for amplification of the signals. 
The preamplifier increases the signal strength by 
40 dB, with a band pass of 200 kHz. The choice 
of bandwidth in the preamplifier enables the 
elimination of spurious noise from the machin-
ery and other mechanical processes unrelated to 
the acoustic emission test. 
 
FACTORIAL DESIGN EXPERIMENTAL 
RESULTS 
Factorial designs are of importance for a number 
of reasons: 1) They require relatively few runs 
per factor studied; 2) They can indicate major 
trends that determine promising directions for 
further experimentation. Three quantitative vari-
Variables Lower Level (-) Upper Level (+) 
Feed Rate f (mm/sec) 2 8 
Cutting Speed v (mm/min) 1000 2500 
Tool Diameter d (mm) 6.4 12.8 
Table 1:  The Experimental Matrix 
ables, namely, feed rate (f-mms-1), cutting speed 
(v-mm/min), and drill diameter (d-mm) are used 
to study the response of the AE signals. The am-
plitude (A), energy (E), frequency (F) and root 
mean square values (R) are monitored. Table 1 
presents the levels of the variable used in this 
work. The cutting speed and the feed rate are se-
lected to correspond to the typical range of values 
used in the drilling of composite laminates. The 
experiment is performed at each combination of 
the feed rate, cutting speed and tool diameter. 
Thus, there are 23 = 8 experimental conditions. 
For each setting, a hole is drilled and the acoustic 
signals are obtained. Each experiment is repli-
cated at each point. The measurable quantities for 
the four responses are recorded. The averages of 
the two runs are computed for each set of condi-
tions. Table 2 shows the experimental matrix and 
the magnitude of the amplitude response. Tables 
3, 4 and 5 show the measurements for the energy, 
frequency, and root mean square values, respec-
tively. 
Pts 
Code Amplitude A ( dB) 
f v d Run 1 Run 2 Mean 
1 - - - 65.00 84.00 A1=74.50 
2 + - - 100.00 100.00 A2=100.00 
3 - + - 74.00 72.00 A3=73.00 
4 + + - 89.00 96.00 A4=92.50 
5 - - + 83.00 75.00 A5=79.00 
6 + - + 88.00 93.00 A6=90.50 
7 - + + 82.00 99.00 A7=90.50 
8 + + + 86.00 96.00 A8=91.00 
Table 2: The Measured Values for the Amplitude Response 
Note:   (-) represents the lower level of the variables,          (+) represents the upper level of the variables 
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Pts 
Code Energy E (v2s) 
f v d Run 1 Run 2 Mean 
1 - - - 7153 7163 E1=7158.00 
2 + - - 65535 65535 E2=65535.00 
3 - + - 14187 14716 E3=14451.50 
4 + + - 36708 38061 E4=37384.50 
5 - - + 25572 25553 E5=25562.50 
6 + - + 53825 65535 E6=59680.00 
7 - + + 53247 55344 E7=54295.50 
8 + + + 60775 62651 E8=61713.00 
Table 3: The Measured Values for the Energy Response 
Note:   (-) represents the lower level of the variables,     (+) represents the upper level of the variables 
Pts 
Code Frequency F (MHz) 
f v d Run 1 Run 2 Mean 
1 - - - 130.00 123.00 F1=126.50 
2 + - - 165.00 146.00 F2=155.50 
3 - + - 120.00 136.00 F3=128.00 
4 + + - 138.00 130.00 F4=134.00 
5 - - + 152.00 166.00 F5=159.00 
6 + - + 141.00 146.00 F6=143.50 
7 - + + 144.00 136.00 F7=140.00 
8 + + + 163.00 174.00 F8=168.50 
Table 4:  The Measured Values for the Frequency Response 
Note:   (-) represents the lower level of the variables,          (+) represents the upper level of the variables 
Pts 
Code Root Mean Square R (volts) 
f v d Run 1 Run 2 Mean 
1 - - - 0.02 0.07 R1=0.05 
2 + - - 1.34 0.21 R2=0.78 
3 - + - 0.05 0.05 R3=0.05 
4 + + - 0.12 0.34 R4=0.23 
5 - - + 0.09 0.08 R5=0.09 
6 + - + 0.19 0.45 R6=0.32 
7 - + + 0.19 0.42 R7=0.31 
8 + + + 0.21 0.37 R8=0.29 
Table 5: The Measured Values for the Root Mean Square Response 
Note:   (-) represents the lower level of the variables,          (+) represents the upper level of the variables 
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The computed averages are used as the re-
sponses for each condition in calculating the 
main effects and the interaction effects for each 
AE response. The major goal of these experi-
ments is to determine which of the responses are 
influenced by the cutting parameters and to gen-
erate a model that may be used to develop a con-
trol algorithm. 
 
ANALYSIS OF THE RESULTS 
The main effect of each of the process variables 
reflects the changes of the respective responses 
as the process variables change from a low to a 
high level. The average of the four measures is 
the main effect of the factor (variable) and is 
given as: 
 

























































Two or more of the variables may jointly influ-
ence the responses. These joint influences are 
referred to as interactions. These interactions are 
given as follows: 
The interaction between the feed rate and the 

















I fv (4) 
The interaction between the feed rate and the 



















I fd (5) 
The interaction between the cutting speed and the 



















































where Ai are the acoustic parameters. The esti-
mates for the four acoustic responses are shown 
in Table 6. 
The results suggest that increasing the feed rate 
from 2 to 8 mms-1 results in an increase of ampli-
tude of the signal of 14.25 dB; an increase of en-
ergy of 30711.25 v2s; an increase of frequency of 
12.00 MHz; and an increase of the root mean 
square value of 0.28. Similarly, results also show 
that increasing the cutting speed from 1000 to 
2500 mm/min results in an increase of amplitude 
of the signal of 0.75 dB; an increase of energy of 
2477.25 v2s; an increase of frequency of 3.50 
MHz; and an increase of the root mean square 
value of 0.09. Also, the tool diameter increasing 
from 6.4 to 12.8 mm results in an increase of am-
plitude of the signal of 2.75 dB, an increase of 
energy of 19180.50 v2s; an increase of frequency 
of 16.75 MHz; and an increase of the root mean 
square value of 0.03. These results may be con-
firmed by the application of the experimental 
error as discussed in the next section. 
When genuine run replicates are created under a 
given set of experimental conditions, the variation 
among their associated observations are used to 
estimate the standard deviation of a single obser-
vation and, hence, the standard deviation of the 
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Amp Energy Freq RMS 
EM 86.38 40722.50 144.38 0.26 
Ef 14.25 30711.25 12.00 0.28 
Ev 0.75 2477.25 -3.50 -0.09 
Ed 2.75 19180.50 16.75 -0.03 
Ifv -4.25 -15536.00 5.25 -0.20 
Ifd -8.25 -9943.75 -5.50 -0.17 
Ivd 5.25 12905.75 6.50 0.18 
Ifvd -1.25 2186.00 16.75 0.08 
Table 6:  Effects of Process Parameters on Acoustic Emission Signal Responses 
tions are genuinely replicated and the ni replicate 
runs made at the ith set yield an estimate si
2  hav-
ing vi = ni -1 degree(s) of freedom (Hunter, 
1978), the estimate of run variance is 
2 2 2 2
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With only ni = 2 replicates at each of the g sets 
of conditions, the formula for the ith variance 








with vi =1, where di is the difference between the 
duplicate observations for the ith set of condi-
tions. Thus, Equation 9 will yield  
(10) 
( ) gds i∑= 222 (11) 
In general, if a total of N runs is made conduct-
ing a replicated factorial design, then the vari-
ance of an effect is given as  
24)( s
N
effectV = (12) 
and the standard error of the effect is given as  
)(effectVse = (13) 
Using the results obtained for the AE responses 
during the drilling process and presented in Ta-
bles 2 to 5, the di and the di
2/2 are computed for 
each ith condition. These values are used to com-
pute the corresponding standard errors for each 
AE signal response. The results are presented in 
Table 7  
However, it is not clear which of the estimates are 
important and which are unimportant. By examin-
ing the confidence intervals of each result, it can 
Parameters Amp A (dB) Energy E (v2s) Freq F (MHz) RMS R (volts) 
Variance 55.75 9.20E+06 71.00 0.09 
Standard Error 3.73 1.52E+03 4.21 0.15 
Table 7:  Standard Errors for the Acoustic Responses  
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Effects 
Responses 
Ampl., A (dB) Energy, E (v2s) Freq., F (MHz) RMS, R (volts) 
EM 86.37±3.73 40722.5±1516.3 144.37±4.21 0.2625±0.15 
Ef 
14.25±3.73 30711.25±1516.3 12.00±4.21 0.2825±0.15 
Significant Significant Significant Significant 
Ev 
0.75±3.73 2477.25±1516.3 (-)3.50±4.21 (-)0.0875±0.15 
Not Significant Significant Not Significant Not Significant 
Ed 
2.75±3.73 19180.5±1516.3 16.75±4.21 -0.025±0.15 
Not Significant Significant Significant Not Significant 
Ifv 
-4.25±3.73 -15536±1516.3 5.25±4.21 -0.2±0.15 
Significant Significant Significant Not Significant 
Ifd 
-8.25±3.73 -9943.75±1516.3 -5.50±4.21 -0.1725±0.15 
Significant Significant Significant Not Significant 
Ivd 
5.25±3.73 12905.75±1516.3 6.50±4.21 0.1825±0.15 
Significant Significant Significant Not Significant 
Ifvd 
-1.25±3.73 2186±1516.3 16.75±4.21 0.075±0.15 
Not Significant Significant Significant Not Significant 
Table 8:  Summary of the Factorial Experimental Results 
be determined if each effect or interaction is 
significant. These intervals are shown in Table 
7. The combination of the results and the values 
in Tables 6 and 7 produce the final results for the 
factorial analysis. This is illustrated in Table 8. 
The significant effects and interactions are indi-
cated in Table 8. A detail discussion of the re-
sults is presented in the next section. 
 
DISCUSSION 
The results of the factorial analysis are presented 
in Table 8 for all three AE signals parameters. 
Comparison of the estimates with the standard 
errors requires some interpretation. The main 
effect of a variable may be individually inter-
preted only if there is no evidence that the vari-
able interacts with other variables. When there is 
evidence of one or more interactions, the interact-
ing variables must be considered together. 
Comparison of the amplitude response estimates 
with their standard errors (Table 8) and use of the 
normal probability limits suggests that the feed 
rate, (f), has an effect on the amplitude response. 
However, since the feed rate interacts with the 
drill diameter, Ifd = −8.25±3.73) suggests that the 
feed rate should not be treated individually. The 
two-way interaction between the drill diameter 
and feed rate is shown in Figure 2. 
Figure 2 shows that increasing the tool diameter 
increases the amplitude at a low feed rate. How-
ever, increasing the tool diameter decreases the 
amplitude at a high feed rate. Increasing the feed 
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Fig. 2:  The Amplitude Response for the Two-Way 
Interaction between Feed Rate and Drill Diameter 
rate increases the amplitude, irrespective of the 
tool diameter. In addition, the cutting speed in-
teracts with the drill diameter (Ivd = 5.25±3.73). 
Increasing the tool diameter decreases the ampli-
tude at a low cutting speed. However, the ampli-
tude increases at a higher cutting speed. Increas-
ing the cutting speed decreases the amplitude at 
a small tool diameter. However, the amplitude 
increases with a larger tool diameter, resulting in 
an increase in the cutting speed. 
The normal probability limits and the compari-
son of the root mean square response estimates 
with their standard errors suggest that there are 
no interaction effects among the three cutting 
parameters. The root mean square value depends 
mainly on the feed rate. 
A comparison of the estimates with their stan-
dard errors, and the normal probability limits 
show that the feed rate (f) and the drill diameter 
(d) have effects on the energy response. How-
ever, since the feed rate interacts with both the 
speed and the drill diameter (Ifv = 
−15536±1516.33 and Ifd = −9943.75±1516.33, 
respectively) and the drill diameter interacts with 
the speed (Ivd = 12905±1516.33), the feed rate 
and drill diameter should not be treated sepa-
rately. The two-way interaction for the cutting 
speed and feed rate is shown in Figure 3. 
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Fig. 3:  The Energy Response for the Two-Way In-
teraction between Feed Rate and Cutting Speed 
Figure 3 shows that increasing the cutting speed, 
increases the energy at a low feed rate. However, 
the energy decreases at a higher feed rate. In-
creasing the feed rate increases the energy, irre-
spective of the cutting speed. It is also known that 
increasing the cutting speed decreases the energy 
at a small tool diameter. However, the energy 
increases at a larger tool diameter. The energy 
increases as the tool diameter increases, irrespec-
tive of the cutting speed. However, the energy 
increases with the tool size at low feed rates while 
it decreases at high feed rates. In addition, the 
energy increases with an increasing feed rate, 
irrespective of the tool diameter. 
A comparison of the frequency response esti-
mates with their standard errors, and the normal 
probability plot suggest that the feed rate and the 
drill diameter have effects on the frequency re-
sponse. However, the feed rate interacts with both 
the speed and the drill diameter (Ifv = 5.25±14.21 
and Ifd = −5.50±4.21). The two-way interaction 
between the drill diameter and the feed rate is 
shown in Figure 4. 
Figure 4 shows that both the feed rate and the 
drill diameter are increased, while the frequency 
also increases, irrespective of the feed rate and 
the drill diameter. The frequency decreases as the 
cutting speed increases at low feed rates. How-
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Fig. 4:  The Frequency Response for the Two-Way 
Interaction between Feed Rate and Drill Diameter 
ever, increasing the cutting speed increases the 
frequency at high feed rates. Similarly, the fre-
quency increases with an increasing feed rate, 
irrespective of the cutting speed. In addition, the 
drill diameter interacts with the cutting speed (Ivd 
= 6.50±4.21). Increasing the tool diameter de-
creases the frequency at a low cutting speed. 
However, the frequency increases at higher cut-
ting speeds. The frequency increases as the cut-
ting speed increases, irrespective of the tool di-
ameter. 
There is evidence of three-factor interactions 
among the three cutting parameters for the en-
ergy and frequency responses (Ifvd = 
2186±1516.33 for energy and Ifd = 16.75±4.21 
for frequency). Thus, these three variables must 
be considered together. An interpretation of the 
results under such conditions is very difficult in 
the deterministic approach. Other approaches, 
such as the stochastic approach or modeling, 
may be used for further analysis and interpreta-
tion of these results. The discussion so far sug-
gests that models of the AE signal parameters 
and the cutting parameters may be established 
and used to develop an algorithm for monitoring, 
forecasting and control of the size of delamina-
tion during the drilling process. 
CONCLUSION 
A study of the effects of cutting conditions on 
acoustic emission signals response have been 
conducted using statistical factorial design 
method. The significant effects were obtained for 
each acoustic emission parameter. From the re-
sults, it can be concluded that the energy response 
has the highest significant effects due to the cut-
ting parameters. Hence a model can then be es-
tablished to relate the acoustic emission energy 
response and the cutting parameters which can be 
used to monitor and control the area of delamina-
tion during the drilling process. 
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